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Fate mappingIn the cochlea, sensory transduction depends on the endocochlear potential (EP) and the unique composition
of the endolymph, both of which are maintained by a highly specialized epithelium at the cochlear lateral
wall, the stria vascularis. The generation of the EP by the stria vascularis, in turn, relies on the insulation of
an intrastrial extracellular compartment by epithelial basal cells. Despite the physiological importance of
basal cells, their cellular origin and the molecular pathways that lead to their differentiation are unclear.
Here, we show by genetic lineage tracing in the mouse that basal cells exclusively derive from the otic mes-
enchyme. Conditional deletion of E-cadherin in the otic mesenchyme and its descendants does not abrogate
the transition from mesenchymal precursors to epithelial basal cells. Rather, dedifferentiation of intermediate
cells, altered morphology of basal and marginal cells and hearing impairment due to decreased EP in E-cadherin
mutant mice demonstrate an essential role of E-cadherin in terminal basal cell differentiation and their interac-
tion with other strial cell types to establish and maintain the functional architecture of the stria vascularis.. Kispert).
rights reserved.© 2011 Elsevier Inc. All rights reserved.Introduction
In the cochlea, the mammalian organ of auditory perception, senso-
ry cells are apically bathed in an untypical, potassium-rich extracellular
ﬂuid, the endolymph, the special composition of which is crucial for
sound transduction and, thus, hearing. Endolymph homeostasis as
well as themaintenance of the positive endocochlear potential (EP) de-
pends to amajor degree on the stria vascularis, a highly vascularized ep-
ithelial structure on the cochlear lateral wall (reviewed inWangemann,
2006). The stria vascularis is mainly composed of three cell types that
are characterized by numerous extensions of their plasma membranes
and a high degree of heterotypic interdigitations. Marginal cells are
part of the cochlear duct epithelium and face the endolymph. Basal
cells form the interface between stria vascularis and lateral wall ﬁbro-
cytes. Finally, intermediate cells together with capillary endothelial
cells are located in the intrastrial space between the epithelial basal
and marginal cell layers (reviewed in Raphael and Altschuler, 2003).
The functional relevance of the stria vascularis has become apparent
through inherited disorders that affect strial integrity and culminate in
acute hearing loss. Disturbed ion transport bymarginal cells is implicated
in a diverse spectrumof syndromeswith sensorineural deafness as Jervell
and Lange–Nielsen syndrome (Neyroud et al., 1997; Schulze-Bahr et al.,
1997), and Bartter syndrome (Birkenhäger et al., 2001). Loss or impairedfunction of the Kir4.1 potassium channel (also known as Kcnj10—
Mouse Genome Informatics) from intermediate cells impedes hearing
due to complete EP breakdown and causes SeSAME syndrome in
human (Bockenhauer et al., 2009; Marcus et al., 2002; Scholl et al.,
2009). Accordingly,Waardenburg syndrome, a disorder affecting differ-
entiation and migration of neural crest derived melanocytes, causes
sensorineural deafnessmost likely due to lack of differentiated interme-
diate cells in the stria vascularis (Schrott and Spoendlin, 1987; Steel and
Barkway, 1989; Tachibana, 1999; Tachibana et al., 1992). Inmice, loss of
the tight junction protein Claudin11 (Cldn11) from basal cells impedes
generation of the EP and causes hearing impairment (Gow et al., 2004;
Kitajiri et al., 2004b).
Despite the growing insight into cellular architecture and physiolog-
ical function of the stria vascularis, its development and in particular the
origin of its diverse cell types has been poorly deﬁned. Histological and
immunohistochemical analyses of stria vascularis development provid-
ed circumstantial evidence that marginal cells derive from the otic epi-
thelium (Birkenhäger et al., 2001; Kikuchi and Hilding, 1966; Kuijpers
et al., 1991; Sagara et al., 1995; Sher, 1971) and intermediate cells
from neural crest (Cable and Steel, 1991). Further support for the latter
notion comes from the observation that intermediate cells are absent
when differentiation ormigration of neural crest is impaired (Tachibana,
1999). Basal cells are presumed to originate from condensingmesenchy-
mal cells of the spiral ligament (Ito et al., 1993; Jin et al., 2007; Nakazawa
et al., 1996; Sher, 1971; Trowe et al., 2008). However, a recent genetic
fate mapping experiment using a Brn4-Cre line did not support such a
notion (Ahn et al., 2009).
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codes a transmembrane calcium-dependent adhesion molecule medi-
ating homophilic intercellular adhesion mainly in epithelial tissues
(Tepass et al., 2000).We previously reported that this gene is expressed
in condensing mesenchymal cells in the region of the developing stria
vascularis (Trowe et al., 2008). Since these cells represent possible pro-
genitors of epithelially organized basal cells and E-cadherin is known to
be a key factor in mesenchymal to epithelial transitions (MET) (Thiery
and Sleeman, 2006), E-cadherin could play a crucial role in formation
and/or differentiation of the basal cell layer. Circumstantial evidence
was provided by the phenotypic analysis of mice mutant for the T-box
transcription factor gene Tbx18. In these mice, E-cadherin expression
in cells overlying the stria vascularis was absent and basal cells did
not form (Trowe et al., 2008).
Here, we use genetic lineage tracing in themouse to show that basal
cells of the stria vascularis originate from otic mesenchyme. E-cadherin
is not required for formation of these cells but for their late differentia-
tion. Unexpectedly, Kir4.1 expression is progressively reduced in strial
intermediate cells upon loss of E-cadherin in basal cells. Hypoplasia of
the stria may explain the severe hearing deﬁcits observed in E-cadherin
deﬁcient mice. Together, our ﬁndings provide novel insights into the
developmental origin and homeostasis of the stria vascularis.
Material and methods
Mice
Pax2(8.5)-cre transgenic mice were generated as reported previ-
ously (Pedersen et al., 2005). In brief, an 8.5 kbp Pax2 upstream
DNA fragment (Kuschert et al., 2001) that was linked to a cre recom-
binase cassette (Pedersen et al., 2005), was microinjected into the
pronuclei of FVB/N embryos according to standard methods. We
identiﬁed four male Pax2(8.5)-cre transgenic founders that expressed
the transgene in a similar pattern as determined by R26lacZ reporter
analysis (Supplementary Fig. 1C). Presence of the Pax2(8.5)-cre trans-
gene in mice was veriﬁed by PCR using the oligos 5′-TTGCTACTTC
TCTGCCAACTTCGC-3′ and 5′-GCTAGAGCCTGTTTTGCACGTTCA-3′.
E-cadherinﬂox (Cdh1tm2.1Kem) (Boussadia et al., 2002), Pax2(8.5)-
cre, R26mTmG (Gt(ROSA)26Sortm4(ACTB-tdTomato-EGFP)Luo) (Muzumdar
et al., 2007), R26lacZ (Gt(ROSA)26Sor) (Soriano, 1999), Tbx18cre
(Tbx18tm4(cre)Akis) (Trowe et al., 2010) and Wnt1-cre (Tg(Wnt1-
cre)11Rth) (Danielian et al., 1998) mice were maintained on an
NMRI outbred background. Embryos for E-cadherin expression anal-
ysis were derived from matings of NMRI wild-type mice. Tbx18cre/+;E-
cadherinﬂox/ﬂox (EcadKO) were obtained from matings of Tbx18cre/+;
E-cadherinﬂox/+ males and E-cadherinﬂox/ﬂox females. Tbx18cre/+;E-
cadherinﬂox/+ and Tbx18+/+;E-cadherinﬂox/+ littermates were inter-
changeably used as controls. Tbx18cre/+;R26mTmG/+mice were obtained
from matings of Tbx18cre/+;R26mTmG/mTmG males and NMRI females.
Wnt1-cre/+;R26mTmG/+ and Pax2(8.5)-cre/+;R26mTmG/+ mice were
obtained from matings of Wnt1-cre/+ or Pax2(8.5)-cre/+ males with
Rosa26mTmG/mTmG females, respectively. For timed pregnancies, vaginal
plugswere checked in themorning aftermating, noonwas taken as em-
bryonic day (E) 0.5. Embryos were dissected in phosphate-buffered
saline (PBS) and ﬁxed in 4% paraformaldehyde (PFA) in PBS. Genomic
DNA prepared from yolk sacs or tail biopsies was used for genotyping
by PCR. Details on PCR protocols are available on request.
Histological analysis
Embryos were embedded in parafﬁn wax, sectioned to 5-μm and
stained with hematoxylin and eosin following standard procedures.
For the analysis of postnatal stages inner ears were dissected from
temporal bones and ﬁxed in 4% PFA for 24 h, decalciﬁed in 0.5 M
EDTA/PBS for 48 h, dehydrated, parafﬁn wax embedded and sec-
tioned to 5-μm. Sections were stained with hematoxylin and eosin.Ultrastructural analysis
For the preparation of ultrathin sections (60 nm), cochleae from
3 week old EcadKO and control animals were quickly removed and
perfused through the round window with 3% glutaraldehyde in PBS
and left in the ﬁxative overnight. Fixed cochleae were decalciﬁed in
10% EDTA (pH 7.3) at 4 °C for 3 days, cut in two, post-ﬁxed in 2% os-
mium tetroxide for 30 min, dehydrated in a graded series of ethanol
solutions, embedded in Epon. Ultrathin sections were stained with
uranyl acetate and lead citrate and examined with a Zeiss 902 elec-
tron microscope.
Immunohistochemistry and immunoﬂuorescence
Decalciﬁed cochleae were either parafﬁn embedded for sections or
immersed in 30% sucrose/PBS for 12 h, embedded in tissue-freezing
medium(Leica, Germany), and cryosectioned to 5-μm. For the detection
of antigens, the following primary antibodies and dilutions were used.
Polyclonal rabbit antisera against Barttin (1:100, gift from Friedhelm
Hildebrandt) (Birkenhäger et al., 2001), E-cadherin (1:200, gift from
Rolf Kemler) (Vestweber and Kemler, 1984), Gfp (1:100, Santa Cruz),
Glut1 (1:200, Dianova), Kcnq1 (1:250, gift from Thomas Jentsch)
(Dedek andWaldegger, 2001) and Kir4.1 (1:200, Alomone Labs); poly-
clonal guinea pig-anti-Connexin26 (1:200, gift from Johanna Brandner)
(Brandner et al., 2004); andmonoclonalmouse antibodies against beta-
actin (clone C4, 1:500, MP Biomedicals), Atp1a1 (Na–K-ATPase subunit
1a, clone a6F, 1:500, developed by Douglas M. Farmbrough and
obtained from the Developmental Studies Hybridoma Bank, University
of Iowa), Cldn11 (clone 37E3, 1:500, gift from Alexander Gow) (Gow
et al., 2004) and Gfp (1:200, Roche). Fluorophore-coupled secondary
antibodies were purchased from Dianova, Invitrogen and Santa Cruz
Biotechnology, and used at a dilution of 1:200. Non-ﬂuorescent staining
was performed using kits from Vector Laboratories (Mouse-on-Mouse
peroxidase kit, Vectastain ABC peroxidase kit (Rabbit IgG), DAB sub-
strate kit). Labeling with the primary antibody was performed at 4 °C
overnight after antigen retrieval (2 mM EDTA in 0.01 M Tris–HCl, pH9,
at 80 °C, 1 h) and blocking in 2.5% normal goat serum for 30 min in
PBST. For monoclonal mouse antibodies an additional IgG blocking
step was performed using the Mouse-on-Mouse Kit (Vector Laborato-
ries). For sequential double labeling with two rabbit primary antibodies
FAB fragment secondary antibodies were used for detection
(DyLight488-conjugated donkey anti-rabbit FAB fragment, Dianova)
and subsequentmasking (unconjugated goat-anti-rabbit FAB fragment,
Dianova) of the ﬁrst primary antibody.
In situ hybridization analysis
In situ hybridization analysis on 10-μm parafﬁn sections was per-
formed following a standard procedure with digoxigenin-labeled an-
tisense riboprobes (Moorman et al., 2001). Details of probes are
available upon request.
Hearing assessment
Auditory brainstem responses (ABR) to clicks and endocochlear
potential (EP) were measured as described previously (Boettger
et al., 2002, 2003.
Documentation
Sections were photographed using a Leica DM5000 microscope
with a Leica DFC300FX digital camera. Laser scanning microscopy
was performed using a Leica TCS SP2 microscope. All images were
processed in Adobe Photoshop CS3.
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Basal cells derive from spiral ligament ﬁbrocytes
To deﬁne the developmental origin of the different cell types of the
stria vascularis, we performed genetic lineage tracing experiments
using the Rosa26mTmG (R26mTmG) reporter mouse in combination with
three different Cre expressing mouse lines. Tbx18cre mediates recombi-
nation in the perioticmesenchyme (Trowe et al., 2010) (Supplementary
Figs. 1 A and B), Wnt1-cre in the neural crest (Danielian et al., 1998)
and Pax2(8.5)-cre in the cochlear duct epithelium (Supplementary
Figs. 1D–I). In contrast to a previously generated BAC-based Pax2-cre
transgenic mouse line (Ohyama and Groves, 2004), our Pax2(8.5)-cre
line additionally mediated reporter gene expression in the head or pha-
ryngeal mesoderm and the surface ectoderm at E9.5 (Supplementary
Fig. 1C). However, this activity is irrelevant for this study since no re-
porter gene expression was observed in the periotic mesenchyme at
E9.5 and later stages (Supplementary Figs. 1D–I).
Co-immunoﬂuorescence analysis of Gfp (from the R26mTmG reporter
line) and speciﬁc markers for marginal (Barttin; Birkenhäger et al.,
2001), intermediate (Kir4.1; Ando and Takeuchi, 1999) or basal cells
(Glut1, Claudin11; Ito et al., 1993; Kitajiri et al., 2004a) allowed us to un-
ambiguously evaluate the origin from these progenitors. In
Pax2(8.5)-cre/+;Rosa26mTmG/+ mice, Gfp co-localized with the
marginal cell marker Barttin, but not with the intermediate cell
marker Kir4.1 or the basal cell markers Glut1 and Claudin11
(Figs. 1A–D). In Wnt1-cre/+;Rosa26mTmG/+ mice, Gfp was only
detected in Kir4.1-positive intermediate cells (Figs. 1E–H), whereas
in Tbx18cre/+;Rosa26mTmG/+ mice Gfp co-localized with Glut1 and
Claudin11 in basal cells (Figs. 1I–L). Together these analyses demonstrate
that marginal cells exclusively derive from otic epithelium, intermediate
cells from neural crest and basal cells from the otic mesenchyme.
E-cadherin expression in otic ﬁbrocytes demarcates onset of basal cell
differentiation
Previous studies showed E-cadherin expression inmarginal andbasal
cells of the mature stria vascularis (Kitajiri et al., 2004b), and in mesen-
chymal progenitors of basal cells at E18.5 (Trowe et al., 2008). To more
precisely assess the spatial and temporal distribution of E-cadherin tran-
scripts in the spiral ligament during inner ear development, we per-
formed an mRNA in situ hybridization analysis and immunostainings
against E-cadherin on sagittal sections of mouse heads at different em-
bryonic stages. At E16.5, E-cadherinmRNAand proteinwasﬁrst detected
in mesenchymal cells adjacent to the epithelium of strial marginal cells
(Figs. 2A and C). This expression preceded the condensation of these
cells that marks the onset of stria vascularis development. From E18.5
on, E-cadherin expression expanded into the spiral ligament (Figs. 2B
and D). At 4 weeks postnatally, E-cadherin protein was found in the
complete spiral ligament except the bone lining subpopulations of
ﬁbrocytes (type III, arrows and type IV, arrowheads in Fig. 2E). Co-
immunoﬂuorescence analysis with Claudin11, Kir4.1 and Barttin dem-
onstrated that E-cadherin is located in basal andmarginal cells but not in
intermediate cells of the stria vascularis (Figs. 2F–H). In conclusion, E-
cadherin expression does not show a restriction to epithelial cells de-
rived from the cochlear duct but is strongly detected in the mesenchy-
mal spiral ligament and its derivatives, compatible with a role in
development and/or homeostasis of these tissues.
Conditional inactivation of E-cadherin in the otic mesenchyme
In order to assess the function of E-cadherin in the spiral ligament
and the basal cell layer of the stria vascularis, we used the Tbx18cre
mouse line to conditionally delete E-cadherin from the otic mesen-
chyme and its descendants (Tbx18cre/+;E-cadherinﬂox/ﬂox, EcadKO).
Conditional deletion of E-cadherin in the spiral ligament mesenchymewas conﬁrmed on the mRNA level by in situ hybridization analysis at
E18.5. Epithelial expression remained unaltered under these genetic
conditions (Supplementary Figs. 3A and B). In four-week old EcadKO
mice, E-cadherin protein was detected in epithelial root cells and
marginal cells of the stria vascularis. However, the protein was
completely absent in spiral ligament ﬁbrocytes and strial basal cells
(Supplementary Figs. 3C–F). EcadKO mice were born in a normal
Mendelian ratio, survived to adulthood and were indistinguishable
from wildtype littermates. We did not observe vestibular disorders
or loss of the Preyer-reﬂex in these animals.
E-cadherin is not required for the initiation of basal cell development
E-cadherin mediates cellular adhesion and is critically involved in
acquisition and maintenance of the epithelial phenotype (Larue et al.,
1994). This suggested that E-cadherin is required for the cellular con-
densation of otic ﬁbrocytes and/or the consequent differentiation into
epithelial basal cells. In order to distinguish these possibilities, we ana-
lyzed EcadKO inner ears at E18.5, a stage when condensation of a future
basal cell becomes apparent. However, neither histological examination
(Figs. 3A and B), nor the assessment of cyto-differentiation by RNA in
situ expression analysis of molecular markers for prospective basal
cells (Cx26; also known as Gjb2—Mouse Genome Informatics; Clau-
din11, N-Cadherin; also known as Cdh2—Mouse Genome Informatics)
(Trowe et al., 2008) (Figs. 3C–H) revealed any alterations, indicating
that E-cadherin is dispensable for the condensation process and the ini-
tiation of basal cell differentiation. Furthermore, normal expression of
Axin2 (Figs. 3I and J), a downstream target of the canonical Wnt signal-
ing pathway, indicated that E-cadherin function does not affect this
pathway as has been discussed in different other contexts (reviewed
in (Heuberger and Birchmeier, 2010; Nelson and Nusse, 2004). Markers
for otic ﬁbrocytes (Tbx18, Coch; Trowe et al., 2008) (Figs. 3K–N) and
prospective intermediate cells (Dct; Steel et al., 1992) (Figs. 3O and P)
were unaltered in EcadKO mice indicating an undisturbed differentia-
tion of otic ﬁbrocytes and normal recruitment of neural crest cells.
EcadKO mice exhibit partial hypoplasia of the stria vascularis
To determine whether the loss of E-cadherin affects the terminal dif-
ferentiation or homeostasis of otic ﬁbrocytes and basal cells, we analyzed
cochleae at 4 weeks after birth. Histological examination of mutant co-
chlea at this stage did not reveal grossmorphological changes. Spiral lim-
bus, spiral ligament and theOrgan of Corti appearedunaffected (Figs. 4A–
F). In contrast, the architecture of the stria vascularis was severely com-
promised. The basal cell layer appeared normal, but the dense intrastrial
infoldings were disrupted in the mutant. The severity of the histological
changes decreased gradually towards the spiral prominence and the
apex of the cochlear duct (Figs. 4G and H). Adjacent to Reissner's mem-
brane, the marginal cell layer exhibited the phenotype of a ﬂattened
squamous epitheliumdevoid of any basolateralmembranous projections
(Figs. 4G and H, arrow).
In order to address the occurrence of more subtle changes in otic
ﬁbrocyte composition, we analyzed the expression of sub-type specif-
ic marker proteins in EcadKOmice at 4 weeks after birth. The distribu-
tion of Otos, Atp1a1, Glut, Aqp1, Kcc3 and Cx26 (Boettger et al., 2003;
Delprat et al., 2002; Ito et al., 1993; Li and Verkman, 2001; Xia et al.,
1999), as assessed by immunostaining, did not reveal any changes be-
tween wildtype and mutant mice (Supplementary Fig. 4). These data
suggest, that loss of E-cadherin, despite its broad expression, is dis-
pensable for otic ﬁbrocyte differentiation and primarily affects stria
vascularis development.
Loss of E-cadherin in basal cells affects the integrity of all strial cell types
To evaluate the phenotypic changes in the EcadKO stria vascularis
more carefully, we analyzed the localization and expression of strial
Fig. 1. Diverse origin of strial cell types. Co-immunoﬂuorescence analysis of expression of Gfp and speciﬁc markers for marginal (Barttin), intermediate (Kir4.1) and basal cells (Glut1,
Claudin11) on midmodiolar cochlea sections of Pax2(8.5)-cre/+;R26mTmG/+, Wnt1-cre;R26mTmG/+ and Tbx18cre/+;R26mTmG/+, mice at 3 weeks after birth. Overview pictures show the
stria vascularis at the basal turn.Magniﬁed regions are indicated bywhite rectangles. Yellow staining in overlay pictures indicates colocalization of detected proteins. Single color channels
are depicted in the supplement (Supplementary Fig. 2). bc, basal cells; c, capillary; ic, intermediate cells; mc, marginal cells; sl, spiral ligament; stv, stria vascularis.
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The potassium channel Kcnq1 is conﬁned to the apical surface of strial
marginal cells, whereas the chloride channel subunit Barttin is localized
basolaterally (Estévez et al., 2001). Subcellular localization of Kcnq1 and
Barttin was unchanged in EcadKOmice (Figs. 5B and D), suggesting the
presence of marginal cells with normal apicobasal polarity. However,
basolateral infoldings did not reach the nuclei of the basal cell layer.Notably, the ﬂattened epithelial cells adjacent to Reissner's membrane
did not express either of these markers (Figs. 5B and D, asterisk). Ex-
pression of the intermediate cell marker Kir4.1 was dramatically re-
duced in EcadKOmice (Fig. 5F), whereas Dct, a marker for neural crest
derived cells, was still expressed at this stage (Figs. 5G and H), indicat-
ing that the differentiation ormaintenance of this cell typewas severely
affected. Unchanged expression of the tight junction proteins Claudin11
Fig. 2. E-cadherin expression in otic mesenchyme and its derivatives. E-cadherin expression analysis during cochlea development was performed by in situ hybridization (A and B)
and immunohistochemistry (C–H) on midmodiolar cochlea sections of wild-type mice. (F–H) Immunoﬂuorescent double stainings of E-cadherin (green) and speciﬁc markers for
basal (Claudin11), intermediate (Kir4.1) and marginal cells (Barttin) (red). Yellow staining in overlay pictures indicates colocalization of detected proteins. Stages are as indicated
in the ﬁgure. Arrows (in A) mark condensing mesenchymal cells of the prospective stria vascularis. Dashed line (in E) marks the otic capsule boundary. Arrow and arrowhead (in E)
mark bone-lining ﬁbrocytes that are negative for E-cadherin. bc, basal cells; ic, intermediate cells; mc, marginal cells, otc, otic capsule; sl, spiral ligament; stv, stria vascularis.
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ithelial basal cell layer. However, immunolabeling of the glucose trans-
porter Glut1, which exhibits strong expression in basal and endothelial
cells of the stria vascularis (Ito et al., 1993), revealed a loss of surface
protrusions in mutant basal cells (Figs. 5M–P). Together, these data in-
dicate that basal cells do not depend on E-cadherin in the acquisition of
an epithelial phenotype. However, E-cadherin is required for theterminal differentiation of basal cells and the interaction with interme-
diate and marginal cells of the stria vascularis.
Onset of phenotypic changes in the mutant stria vascularis
To better distinguish a developmental function of E-cadherin from a
requirement in tissue homeostasis, we additionally analyzed EcadKO
Fig. 3. E-cadherin is dispensable for the condensation of prospective basal cells and the recruitment of neural crest derived intermediate cell progenitors. (A and B)Histological analysis by
hematoxylin and eosin (HE) staining and (C–P) in situ hybridization analysis of marker gene expression on sagittal inner ear sections of EcadKO and control mice at E18.5. Markers are as
indicated. Figures show the basal turn. mc, marginal cells; sl, spiral ligament; stv, stria vascularis.
Fig. 4. EcadKOmice exhibit hypoplasia of the stria vascularis. (A–H) Histological analysis by hematoxylin and eosin staining on midmodiolar cochlea sections at 4 weeks after birth.
(E–H) showmagniﬁcations of regions marked in (C and D). Genotypes are as indicated in the ﬁgure. The mutant stria vascularis exhibits internal cavities (arrows in H). The severity
of phenotypic alterations decreases towards the spiral prominence and towards the apex of the cochlear duct. bc, basal cells; co, Organ of Corti; ihc, inner hair cells; ls, spiral limbus;
ohc, outer hair cells; otc, otic capsule; rm, Reissner's membrane; sg, spiral ganglion; sl, spiral ligament; sm, scala media; st, scala tympani; stv, stria vascularis; sv, scala vestibuli.
Fig. 5. Defects in the stria vascularis of EcadKO mice. Detection of molecular markers by immunoﬂuorescence (A–F and I–P) and mRNA in situ hybridization analysis (G and H) on
midmodiolar sections of cochleae of control and EcadKOmice at 4 weeks after birth. Figures show the stria vascularis in the basal turn. Antibodies and probes were used as indicated
in the ﬁgure. Immunodetection of Barttin (C andD) and ZO1 (K and L)were counterstainedwith DAPI. Insets in (C and D) and ﬁgures (O and P) showhighermagniﬁcations of the stria
vascularis at regions indicated by rectangles in the ﬁgures. Asterisk (B and D) mark upper boundary of the stria vascularis. (C and D) Marginal cell projections do not reach the basal
cell layer in EcadKOmice (arrows in D). (E and F) In the mutant stria vascularis few Kir4.1-positive cells can be found adjacent to Reissner's membrane and the spiral prominence,
respectively (arrowheads). (O and P) Basal cells do not form membraneous processes towards the intrastrial space (arrow in P). mc, marginal cells; stv, stria vascularis.
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onset of hearing, and at P21.
At P14, the basal cell layer appeared normal, but the dense intrastrial
infoldings were disrupted in themutant resulting in ﬂuid-ﬁlled cavities
particularly in the region adjacent to Reissner's membrane. There, the
marginal cell layer exhibited the phenotype of a ﬂattened squamous ep-
ithelium (Fig. 6A). Expression of the marginal cell markers Kcnq1 and
Barttin were detected in EcadKO mice, however, Kcnq1 expression
was excluded from the ﬂattened marginal cells adjacent to Reissner's
membrane thatwere, however, still positive for Barttin (Supplementary
Figs. 5A–D). Notably, expressionof Kir4.1 appeared largely unaffected in
EcadKO mice at this stage, except that cells in the apical region of the
stria exhibited lessmembrane protrusions (Fig. 6C). The presence of in-
termediate cells was conﬁrmed by normal expression of Dct in mutants
(Supplementary Figs. 5E and F). Expression of the basal cell markers
Glut1 and Claudin11 was very low at this stage in control animals and
barely detectable in E-cadherin mutants (Figs. 6D–F, compare also
with Figs. 6J–L), indicating a delay in basal cell differentiation.
At P21 histological alterations in the mutant were similar to P14
(Fig. 6G). In contrast to P14, expression of both Kcnq1 and Barttin was
completely excluded from the ﬂattened marginal cells in the apical re-
gion of the stria vascularis in EcadKOmice, indicating a progressive de-
differentiation of these cells (Supplementary Figs. 5G–J). Expression of
Kir4.1 was reduced both on the level of mRNA and protein at this
stage in the mutant (Figs. 6H and I). Dct showed a variable expression
at this stage, but, overall, appeared to be unchanged (Supplementary
Figs. 5K and L). Claudin11 and Glut1 were expressed in basal cells of
E-cadherinmutantmice (Figs. 6J and K), albeit mutant basal cells lacked
membranous surface protrusions comparable to the situation at P28
(Fig. 6L). Co-immunoﬂuorescence of these markers with E-cadherin
conﬁrmed an exclusive loss of E-cadherin in all basal cells (Figs. 6M
andN), further supporting theﬁnding that these cells exclusively derive
from the spiral ligament.
Many forms of surface protrusions are a consequence of directed
actin assembly at the cell surface (reviewed in Parsons et al., 2010;
Ridley, 2011). Since E-cadherin has also been implicated in this pro-
cess (Kovacs et al., 2002), we analyzed whether changes of the actin
cytoskeleton are associated with basal cell defects in EcadKO stria vas-
cularis. Indeed, immunostaining against ß-actin revealed a lack of ﬁl-
amentous protrusions of the actin cytoskeleton in basal cells of E-
cadherin mutants (Figs. 6O and P).
To support our ﬁndings on the altered phenotype of cells in the
stria vascularis in EcadKOmice, we performed an ultrastructural anal-
ysis at P21. At this stage marginal, intermediate and basal cells
showed a mature phenotype in control mice (Figs. 7A and E). Basolat-
eral infoldings of marginal cells were closely associated with infold-
ings of intermediate cells (Fig. 7C) and reached the basal cell layer
(Figs. 7A and E, white arrowheads). Basal cells were ﬂattened and
exhibited cytoplasmic projections towards the intrastrial space
(Fig. 7E, white arrows). In contrast, in the stria vascularis of EcadKO
mice, basolateral infoldings of marginal cells were less extensive
and less bundled (Fig. 7B, arrows in D) and did not reach the basal
cell layer (Figs. 7B and F, white arrowheads). Intermediate cells
showed an atrophic phenotype with condensed nuclei and loss of
large cytoplasmic infoldings (Fig. 7B, arrowhead in D). Cytoplasmic
projections of basal cells appeared reduced (Fig. 7F, white arrows).
Together, these ﬁndings demonstrate that the observed defects in
basal cells may be caused by disturbed cell differentiation, whereas
the lack of Kir4.1-positive intermediate cells at P28 is due to a pro-
gressive dedifferentiation after P14.
Loss of E-cadherin in basal cells impairs hearing
Given the importance of stria vascularis integrity, the observed
histological and immunohistochemical changes in EcadKO mice
strongly suggested hearing deﬁcits. Measurement of the auditoryevoked brainstem response (ABR) demonstrated a signiﬁcant in-
crease of the hearing threshold in EcadKO mice from 58.6.2±5.2 dB
peSPL to 86.6±3.7 dB peSPL (MV±SD; n=13 (controls)/10 (mu-
tants)) and 59.6±3.8 dB peSPL to 125.9±6.4 dB peSPL (n=8/8) at
postnatal week four and twelve, respectively (Fig. 8A). The observed
changes in the EcadKO stria vascularis indicated that the hearing im-
pairment resulted from an impaired generation of the EP, which is as-
sumed to be crucial for maintaining the hearing sensitivity. Indeed, at
four and 12 weeks postnatally, the EP was decreased from 119.0±
6.2 mV to 65.0±9.4 mV (n=7/6) and 114.9±11.1 mV to 31.0±
7.5 mV (n=6/5), respectively (Fig. 8B).
Discussion
E-cadherin is dispensable for epithelialization of otic ﬁbrocytes
Mesenchymal–epithelial transitions occur in diverse developmental
contexts including formation of the coelomic cavity, somitogenesis and
nephron formation (Christ and Ordahl, 1995; Funayama et al., 1999;
Locascio and Nieto, 2001; Nieto, 2002; Stark et al., 1994). So far, several
molecular determinants such as Wnt4, Paraxis, Fibronectin, Cdc42,
Rac1, have been identiﬁed (Burgess et al., 1996; Martins et al., 2009;
Nakaya et al., 2004; Stark et al., 1994) whose actions culminate in the
modiﬁcation of cadherin-mediated cell–cell junction formation be-
tween neighboring cells (Takahashi et al., 2005). Among the members
of the Ca2+-dependent cell adhesion molecule family, E-cadherin has
proven to have an outstanding role in induction and maintenance of
the epithelial phenotype. This is demonstrated by the failure to estab-
lish a trophectodermal epithelium or a blastocyst cavity in E-cadherin
null mutant mice (Larue et al., 1994). Further, in vitro analyses revealed
that overexpression of E-cadherin in ﬁbroblasts is sufﬁcient to induce
an MET (Vanderburg and Hay, 1996).
Our fate mapping study unambiguously conﬁrmed that epithelial
basal cells are derived from mesenchymal spiral ligament ﬁbrocytes,
and that E-cadherin expression precedes basal cell condensation.
This and our previous ﬁnding that loss of E-cadherin expression in
Tbx18-deﬁcient mice coincides with the loss of basal cells (Trowe
et al., 2008), strongly suggested a causative role of E-cadherin in
MET of prospective basal cells as well. To our surprise, the conditional
loss of E-cadherin in the otic mesenchyme neither disturbed the early
condensation of basal cell precursors, nor did it affect the acquisition
of an epithelial phenotype as demonstrated by cellular appearance
and arrangement as well as the expression of basal cell epithelial
markers such as Cldn11 and ZO1. Notably, we found N-cadherin ex-
pression in prospective basal cells at E18.5 but not postnatally (Sup-
plementary Fig. 6) suggesting functional redundancy of N- and E-
cadherin in the MET of otic ﬁbrocytes (for the role of N-cadherin in
MET see Radice et al., 1997).
Although E-cadherin is expressed in spiral ligament ﬁbrocytes, dif-
ferentiation of these cells was unaffected. Again, similar to the situa-
tion in basal cell condensation, E-cadherin may act redundantly
with other as yet unidentiﬁed cadherins in these mesenchymal cells.
It has been reported that E-cadherin might exert its function by
modulating canonical Wnt signaling (Heuberger and Birchmeier,
2010; Nelson and Nusse, 2004). However, we did not ﬁnd differences
in expression levels of the target gene Axin2 between E-cadherinmu-
tants and control animals at E18.5 and at postnatal stages (Supple-
mentary Fig. 6) arguing against a function of E-cadherin in
modulating the canonical Wnt pathway in the context of basal cell
development.
E-cadherin is required for strial integrity
Basal cells constitute an unusual epithelial cell type, as they form
an epithelium that lacks a basal lamina and does not face any luminal
surface. Nonetheless, it is assumed that these cells possess an
Fig. 6. Onset of phenotypic alterations in the stria vascularis of EcadKO mice. Histology (A and G), and detection of molecular markers by RNA in situ hybridization (B and H) and
immunoﬂuorescence (C–F, I–P) on midmodiolar sections of cochleae of control and EcadKO mice at P14 and P21. (Q and R) Ultrastructural analysis of the cochlea at P21. Figures
show the stria vascularis in the basal turn. Antibodies, probes and stages are as indicated in the ﬁgure. All immunoﬂuorescent stainings were counterstained with DAPI. (E, L
and P) show magniﬁcations of regions indicated by rectangles in the ﬁgures. The mutant stria vascularis exhibits ﬂuid-ﬁlled cavities (arrowheads in A and G); marginal cells ad-
jacent to Reissner's membrane have the phenotype of a squamous epithelium (arrows in A and G). Asterisk (C) marks upper boundary of the stria vascularis. Basal cells do not
form membraneous processes towards the intrastrial space (white arrows in E, L and P). (M and N) Yellow staining in overlay pictures indicates colocalization of detected proteins.
bc, basal cells; rm, Reissner's membrane; stv, stria vascularis.
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tensions into the intrastrial space and associate with membrane pro-
trusions from strial intermediate and marginal cells (Kikuchi andHilding, 1966; Nakazawa et al., 1996). Changed Glut1 immunoreac-
tivity in the stria vascularis revealed the absence of presumably baso-
lateral membrane infoldings of basal cells in EcadKO mice. This could
Fig. 7. Impaired stria vascularis architecture in EcadKOmice. Low- (A and B) and high-power (C–F) electron micrographs of the stria vascularis of control (left column) and EcadKO
(right column) mice at P21. Figures show the stria vascularis in the medial turn. Basolateral infoldings of marginal cells are less bundled (arrows in C and D) and do not reach the
basal cell layer (white arrowheads in A, B, E and F) in EcadKO mice. In the mutant stria vascularis, intermediate cells exhibit an atrophic phenotype characterized by condensed
nuclei (ic in B) and massive loss of large cytoplasmic infoldings (arrowheads in C and D). Basal cell morphology appears less complex with reduced cytoplasmic processes
(white arrows in E and F). Scale bars are 5-μm (A and B) and 1-μm (C, D, E and F). bc, basal cells; c, capillary; ic, intermediate cells; mc, marginal cells.
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the projections. It could also be the consequence of impaired interaction
with other strial cell types.
E-cadherin is involved in the establishment of apicobasal polarity
(Nejsum and Nelson, 2007; Tunggal et al., 2005) which in turn is es-
sential for the generation of distinct cell membrane compartments
and, hence, central for epithelial cell morphology. Consequently, al-
terations in the architecture of basal cells in EcadKOmice could resultfrom disturbed cell polarity. Alternatively, shape changes of basal
cells may simply reﬂect disturbed adhesion to marginal cells, which
also express E-cadherin. Intriguingly, shortened membrane projec-
tions of marginal cells in which E-cadherin is still expressed in EcadKO
mice may support the latter hypothesis. Interestingly, it has been de-
scribed that E-cadherin is implicated in directing actin assembly via
recruiting the Arp2/3 complex to arising adhesive contacts to neigh-
boring cells (Kovacs et al., 2002) by which it could be directly
Fig. 8. Loss of E-cadherin impairs hearing. (A–B) Analysis of hearing by ABR (A) and EP
(B and C) measurements of EcadKO and control mice. (A) ABR thresholds are increased
in EcadKO mice at 4 weeks (86.6±3.7 dB peSPL, n=13) and 12 weeks (125.9±6.4 dB
peSPL, n=8) compared (Rank Sum test) with control animals of the same age
(4 weeks: 58.6±5.2 dB peSPL, n=10; 12 weeks, 59.1±3.8 dB peSPL, n=8). (B) Dis-
ruption of the EP in EcadKO mice at four and 12 weeks of age (4 weeks: control:
EP=119.0±6.2 mV, n=7; EcadKO: EP=65.0±9.4 mV, n=6; 12 weeks: control:
EP=114.9±11.1 mV, n=6; EcadKO: EP=31.0±7.5 mV, n=5). Bars indicate stan-
dard deviation. The differences in ABR threshold (Rank Sum test) and EP (Student's
t-test) were signiﬁcant (pb0.001, indicated as *** in the graph).
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2010; Ridley, 2011).
The integrity of the basal cell layer is essential for the differentia-
tion and homeostasis of the other strial cell types as loss of basal cells
in Tbx18-deﬁcient mice causes a secondary loss of intermediate cells
and perturbed formation of membranous infoldings by marginal
cells (Trowe et al., 2008). It is, however, uncertain, whether these
changes result from a failure to establish an insulated intrastrial
space with a unique extracellular milieu (Wangemann, 2006) or
from lack of intercellular communication between basal cells on the
one side and intermediate/marginal cells on the other side.
E-cadherin is involved in the formation of a variety of junctional
complexes including tight junctions, adherens junctions, gap junc-
tions, desmosomes and hemidesmosomes (Tunggal et al., 2005)
thereby promoting a large diversity of cellular interactions with
neighboring cells or extracellular matrix components. We presume
that E-cadherin exerts similar function(s) in basal cells. This is sup-
ported by the ﬁnding that disturbance of basal cell barrier function
alone does not cause a loss of intermediate cells (Gow et al., 2004).
Contrary, we failed to detect E-cadherin in intermediate cells, exclud-
ing direct E-cadherin mediated heterotypic adhesion between these
cells.
Interestingly, loss of basal cells in the Tbx18mutant, and depletion of
E-cadherin in these cells has similar cellular consequences. In both mu-
tants the number of Kir4.1-positive intermediate cells is drastically re-
duced, marginal cells are either transformed to a ﬂattened epithelium
adjacent to Reissner's membrane or form shortened membranous pro-
jections. Nonetheless, in bothmutants themajority ofmarginal cells ap-
pear to be functional with respect to secreting potassium ions into the
endolymph, as expression of Barttin, Kcnq1 and N–K-ATPase was nor-
mal. Further a collapse of Reissner's membrane, that is thought to result
from impaired endolymphatic K+-secretion, was not apparent in either
of the mutants (Delpire et al., 1999; Vetter et al., 1996). These pheno-
typic similarities suggest that E-cadherin, independent from the precise
mode of molecular action, is essential to establish functional basal cells.
E-cadherin is required for hearing
The analysis of auditory function in E-cadherinmutantmice revealed
a profound increase of the hearing threshold and a diminished EP
4 weeks after birth, a phenotype that was even enhanced at postnatal
week twelve. Considering the distribution of E-cadherin in the cochlea,
the observed auditory defects could be a consequence of alterations in
otic ﬁbrocytes and/or of the stria vascularis. Given the importance ofthe otic ﬁbrocyte gap junction network for recycling of potassium ions
(Kikuchi et al., 2000; Nickel and Forge, 2008; Wangemann, 2006) and
the ﬁnding that gap junction assembly is regulated by E-cadherin in
vitro (Chakraborty et al., 2010), we cannot exclude at this point that au-
ditory dysfunction in EcadKOmice results from aberrant ﬁbrocyte phys-
iology. Althoughwe did not observe changes in ﬁbrocyte differentiation
in EcadKO mice, we cannot exclude that ﬁbrocyte defects were not
detected by our marker panel. However, since we observed changes in
EcadKO mice restricted to the stria vascularis we currently favor the
idea that the auditory defects are caused by abrogation of strial architec-
ture and function.
It has recently been demonstrated that the potassium inwardly-
rectifying channel Kir4.1, that is expressed in strial intermediate
cells, is required for EP generation in the mouse (Marcus et al.,
2002). Hence, the loss of Kir4.1 expression in intermediate cells in
the EcadKOmutant is most likely the major determinant or at least ac-
counts predominantly for the observed auditory phenotype.
Interestingly, recent studies revealed that the functional integrity of
the strial basal cell layer is required to separate the intrastrial extracel-
lular space from the spiral ligament. This, in turn, is a prerequisite for
generation of the EP as indicated by Cldn11-mutant mice where loss
of the tight junction barrier in basal cells causes a strong decrease of
the EP (Gow et al., 2004; Kitajiri et al., 2004b; Nin et al., 2008). Further,
conditional embryonic ablation of E-cadherin in the epidermis disturbs
the assembly of functional tight junctions resulting in an impaired epi-
thelial barrier function (Tunggal et al., 2005). Hence, it is tempting to
speculate that despite the presence of an epithelial basal cell layer in
EcadKO mice its barrier function is impaired in terms of insulating the
intrastrial space from the spiral ligament.
Together, our ﬁndings suggest that the loss of E-cadherin interferes
with the establishment of the EP at two levels: ﬁrst, by the failure to
establish a functional epithelial basal cell layer, and second, by dis-
turbed cell–cell communication with other strial cell types resulting
in a loss of Kir4.1-positive functional intermediate cells.
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